The hepatitis C virus (HCV), which currently infects an estimated 3% of people worldwide, has been present in some human populations for several centuries, notably HCV genotypes 1 and 2 in West Africa and genotype 6 in Southeast Asia. Here we use newly developed methods of sequence analysis to conduct the first comprehensive investigation of the epidemic and evolutionary history of HCV in Asia. Our analysis includes new HCV core (n ‫؍‬ 16) and NS5B (n ‫؍‬ 14) gene sequences, obtained from serum samples of jaundiced patients from Laos. These exceptionally diverse isolates were analyzed in conjunction with all available reference strains using phylogenetic and Bayesian coalescent methods. We performed statistical tests of phylogeographic structure and applied a recently developed "relaxed molecular clock" approach to HCV for the first time, which indicated an unexpectedly high degree of rate variation. Our results reveal a >1,000-year-long development of genotype 6 in Asia, characterized by substantial phylogeographic structure and two distinct phases of epidemic history, before and during the 20th century. We conclude that HCV lineages representing preexisting and spatially restricted strains were involved in multiple, independent local epidemics during the 20th century. Our analysis explains the generation and maintenance of HCV diversity in Asia and could provide a template for further investigations of HCV spread in other regions.
Hepatitis C virus (HCV) is a prevalent and globally distributed human pathogen that currently infects an estimated 120 to 180 million people, or 2 to 3% of the world's population (4, 39) . Chronic HCV infection significantly increases the risk of liver cirrhosis and hepatocellular carcinoma (18) , causing substantial morbidity and mortality worldwide. HCV is the most common chronic blood-borne infection in the United States, causing an estimated 8,000 to 10,000 deaths per year, and this figure is expected to increase substantially over the next 20 years (67) .
HCV is a positive-sense RNA virus belonging to the genus Hepacivirus in the family Flaviviridae that, at present, has not been found to naturally infect any species other than humans. The virus exhibits a very high degree of genetic diversity that is classified by phylogenetic analysis into six genotypes, denoted 1 to 6, each of which contains numerous subtypes, denoted 1a, 2c, 3d, 6f, etc. (50, 51) . The recent discovery of a putative seventh genotype (33) suggests that further HCV diversity remains to be characterized.
The various genotypes and subtypes of HCV have been associated with different epidemiological and geographical patterns (31, 51, 54) . For example, a high proportion of infections are caused by just a few strains that are globally distributed but genetically conserved, notably subtypes 1a, 1b, 2a, 2b, and 3a. Evolutionary molecular clock methods suggest that these so-called epidemic subtypes originated around 100 years ago (43, 45, 54, 59) . These probably spread due to their association with new and efficient routes of viral transmission that arose during the 20th century, notably blood transfusion, hemodialysis, use of blood products, injection drug use, and nonsterile medical injections (e.g., see references 13, 15, and 45) . Much research attention has focused on these strains, not least because they account for most HCV infections in Europe, North America, Japan, and Australasia. However, an understanding of the evolution and genetic diversity of all genotypes is necessary for the development of successful drug and vaccine treatments. For example, genotype 1 infections respond more poorly than genotypes 2 and 3 to antiviral drugs (11, 30) , and the efficacies of cellular immune responses may also vary among strains.
In contrast to the epidemic scenario described above, HCV lineages in areas of endemicity are highly divergent and are typically isolated from residents or emigrants of restricted (and sometimes remote) geographic regions, suggesting a long duration of continuous infection in these areas. Endemic strains belonging to genotypes 1 and 2 are found in West Africa (2, 20, 47, 66) . Similar regional patterns of endemic diversity have been found for genotype 3 in South Asia, for genotype 4 in Central Africa and the Middle East, and for genotype 6 in East Asia (28, 32, 36) . However, no region has yet been found to contain high levels of HCV genotype 5 genetic diversity (64) .
Molecular clock analyses suggest that these strains have been present in their respective geographical regions for at least several centuries (43, 54) .
Genotype 6 provides a striking example of HCV diversity in endemic areas. Indeed, the first HCV isolates from East Asia were so divergent that they were initially classified as separate genotypes, designated 7, 8, 9, and 11 (1, 50, 61, 62, 63) . These strains have since been reclassified as individual subtypes within genotype 6 (52). Genotype 6 infections are also of considerable epidemiological importance: there are an estimated 62 million HCV-infected people in the WHO-defined Western Pacific region (68) , which represents approximately one-third of all infections worldwide. As illustrated in Fig. 1 , genotype 6 isolates have been obtained from residents or emigrants of Thailand, India, Cambodia, Laos, Myanmar (Burma),Vietnam, China, Hong Kong, and Indonesia (25, 46) . The prevalence of HCV in the general population is variable among East Asian countries, ranging from about 0.5% in Singapore and Hong Kong, to around 6% in Vietnam and Thailand (69) , and exceeding 10% in Myanmar (29) . The reported prevalence in China is approximately 2 to 3%, which amounts to approximately 30 million people (22, 70) . Of course, not all HCV infections in East Asia are caused by genotype 6, and the genotype distribution of HCV infection is variable among and within different East Asian countries. For example, genotype 6 appears to be the most frequent genotype in Myanmar (49% of infections) (29) and Vietnam (52% of infections) (37), but not in Thailand, where the globally distributed subtype 3a, which is associated with injection drug use, is twice as common as genotype 6 (23) . The most common strain in China is the global subtype 1b (5), although subtype 6 is found at higher frequencies in southern China (27) and Hong Kong (42, 71) .
Despite the recent completion of full genome sequences for several HCV genotype 6 subtypes (28), our understanding of the evolutionary and epidemic history of genotype 6 is still deficient, for several reasons. First, genotype 6 diversity is well characterized for some East Asian countries (e.g., Vietnam and Thailand) but is poorly sampled or absent for other countries (Fig. 1) . In this paper we improve this situation by reporting the isolation and sequencing of a panel of highly divergent genotype 6 strains from Laos. This is the first time the genetic diversity of HCV in Laos has been characterized. Second, phylogenetic analyses have been typically small in scale and performed on ad hoc bases, whereas in this paper we use all previously published core and NS5B gene sequences to investigate the epidemic history of genotype 6. Third, there has been little consideration of the spatial structure of past HCV infection in Asia. The phylogenetic distribution of strains from different locations-viral phylogeography-contains information about the historical movement of viral lineages (16, 35) , which in turn sheds lights on contemporary patterns of transmission. To rectify this we used newly developed statistical tests (38) to investigate the geographic structure of genotype 6 diversity. Fourth, previous estimates of the time scale of HCV infection in Asia (43, 54) used limited data sets and potentially unrealistic assumptions during the analyses. Most importantly, earlier analyses relied on the assumption of a constant rate of HCV evolution (a strict molecular clock). We show here that the strict clock hypothesis is inappropriate for HCV and we instead have employed recently developed relaxed clock evolutionary models that incorporate variation in evolutionary rates (8) . In addition, previous estimates of genotype 6 history were based on single reconstructed phylogenies (43, 54) and therefore underestimated the statistical error that may arise from phylogenetic reconstruction. We address this situation here by using more advanced Bayesian inference methods that explicitly incorporate phylogenetic uncertainty (8) .
We have investigated the transmission history of HCV in Asia by conducting a comprehensive evolutionary analysis of available HCV genotype 6 gene sequences. By combining sophisticated molecular clock, coalescent, and geographical analyses, we show that genotype 6 in Asia is structured by both geography and by an explosion of local epidemics that occurred during the 20th century. The genetic diversity of our new Lao isolates indicates a pattern of past HCV transmission distinct from that found elsewhere in Southeast Asia.
MATERIALS AND METHODS
Sampling, isolation, and sequencing of Lao HCV infections. Serum samples were obtained from 31 patients admitted to Mahosot Hospital, Vientiane, Laos, and were stored at Ϫ80°C. The patients presented with jaundice or elevated liver transaminases (Ͼ3 times the upper normal limit) and were positive for HCV antibodies (Serodia HCV antibody microtiter particle agglutination kit; Fujirebio Inc). Informed consent was obtained from each patient, and ethical approval was granted by the Ethical Review Committee of the Faculty of Medical Sciences, National University of Laos, Vientiane. Viral RNA was extracted from 140 l of serum, using the QIAmp viral RNA extraction kit (Qiagen) according to the manufacturer's protocol.
Viral RNA was reverse transcribed using the SuperScript II reverse transcriptase protocol (Invitrogen). In brief, 10 l viral RNA, 0.5 l of deoxynucleoside triphosphates (25 mM each), 0.5 l random primers (500 g/ml), and 1 l sterile water were heated to 65°C for 5 min and then quick-chilled on ice. Four l of 5ϫ first-strand buffer, 2 l dithiothreitol (0.1 M), and 1 l RNasin were added and incubated at room temperature for 2 min, followed by addition of 1 l SuperScript II reverse transcriptase. The mixture was incubated at 42°C for 50 min and then at 70°C for 15 min. cDNA was amplified by nested PCR, using the HighFidelity Expand PCR system (Roche). Serum samples from healthy individuals were used as negative controls. Table 1 provides full details of the primers used during each round of amplification for each subgenomic region. Amplification of the 5Ј untranslated region (UTR; 236 bp) was used to define HCV RNA positivity; 5ЈUTR PCR conditions for both rounds were 94°C for 2 min, 30 cycles of 94°C for 25 s, 55°C for 25 s, and 72°C for 25 s, and then 72°C for 2 min. HCV core gene (464 bp) amplification was performed; PCR conditions for both rounds were 94°C for 2 min, 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 60 s, and then 72°C for 7 min. HCV NS5B gene (377 bp) amplification was performed; PCR conditions for both rounds were 94°C for 2 min, 28 rounds of 94°C for 15 s, 60°C for 30 s, and 72°C for 45 s, and then 72°C for 7 min. Amplicons were run on 1% agarose gels stained with ethidium bromide, and DNA was purified using the Qiagen gel extraction kit. Purified DNA was sequenced in both forward and reverse directions using the ABI Prism Big Dye Terminator cycle sequencing kit (Perkin-Elmer Applied Biosciences).
Phylogenetic analysis of the core and NS5B data sets. All available genotype 6 sequences were downloaded from the Los Alamos HCV database (25) . Database sequences were retained if they spanned either the core or NS5B subgenomic regions obtained for the Lao isolates (see above). Only one sequence from each infected individual was retained, and sequences from experimental chimpanzee infections were excluded. Database reference sequences were then cropped, collated with the newly generated Lao sequences, and aligned by hand in Se-Al (available from http://tree.bio.ed.ac.uk). The resulting core alignment was 399 nt long and contained 230 sequences, and the NS5B alignment was 378 nt long and contained 211 sequences. A third alignment was constructed by concatenating the core and NS5B sequences of all isolates that had been sequenced in both genome regions. This concatenated alignment was 777 nt long and contained 127 sequences.
Maximum likelihood phylogenies were estimated for the core and NS5B data sets using PAUP (58) . The most appropriate nucleotide substitution model for phylogenetic analysis was determined using the model selection procedure implemented in the program MODELTEST; for both data sets the best-fitting model was GTRϩ⌫ϩI (41) . Under this model, phylogenies were heuristically searched using the SPR (subtree pruning and regrafting) and NNI (nearest neighbor interchange) perturbation algorithms. The statistical robustness levels of phylogenetic groupings were subsequently assessed using bootstrap analyses (500 replicates). Phylogeographic structure was then identified using FigTree (available from http://tree.bio.ed.ac.uk), and clades and lineages were colored according to their location of sampling.
Estimation of evolutionary time scale. We used an evolutionary molecular clock to estimate the time scale of HCV epidemic history in East Asia. Previous evolutionary analyses of HCV have employed the simplest strict clock model, which assumes that all phylogeny branches evolve at exactly the same rate. This potentially unrealistic assumption can be avoided by using a relaxed clock, which allows evolutionary rates to vary among lineages according to some probability distribution (8) .
Because there was insufficient temporal structure in the study sequences to directly estimate rates of molecular evolution, we used the external rate calibration approach previously employed by Pybus et al. (44) and Hue et al. (19) . First, we obtained an external estimate of the evolutionary rate of our 399-nt core gene fragment from an independent, previously published HCV data set (59) that does contain significant temporal structure. Posterior distributions of this rate were estimated under three clock models using the Bayesian MCMC approach implemented in the program BEAST: (i) strict clock, (ii) relaxed clock with an uncorrelated log normal rate distribution, and (iii) relaxed clock with an uncorrelated gamma rate distribution (8, 9) . The exponential relaxed clock model is a special case of the gamma relaxed clock model. Second, these external rates were subsequently used to define normally distributed priors for the core gene evolutionary rate during our strict and relaxed clock analyses of the concatenated data set. Third, evolutionary rates for the NS5B gene region were estimated using a relative rate approach. Briefly, once we have specified a rate for the core region, we can use the relative diversity of the core and NS5B regions to estimate an NS5B rate, because the time scales for both regions are identical. Additionally, the core and NS5B gene regions were given independent among-site ⌫ rate distributions. In summary, the sequence evolution model used incorporated multiple levels of rate heterogeneity: among nucleotide sites, among genes, and among lineages.
Evolutionary analysis of the concatenated data set. To estimate the epidemic history of HCV genotype 6, we analyzed the concatenated core and NS5B alignment using the Bayesian Skyline plot (BSP) approach, as implemented in the program BEAST (for details, see Pybus et al. [44] and Drummond et al. [8] ). To test the robustness of our results to model specification, we estimated epidemic history under a number of different model combinations and then used Bayes factors to choose the statistically most appropriate model (57) . Marginal posterior distributions were estimated for each model parameter using Bayesian MCMC inference. All MCMC analyses were run for at least 50 million states. MCMC chain convergence, effective sample sizes, and Bayes factors were computed and investigated using the program Tracer v1.4 (9) . In addition, an independent maximum likelihood relative rates analysis was performed using HYPHYv0.99 (40) , which confirmed that relative rates were sampled appropriately in the Bayesian MCMC analyses.
A Bayesian estimate of phylogeny was obtained from the posterior distribution of trees arising from the best-fitting BEAST analysis (see above). First, the program TreeAnnotator (9) was used to calculate the Bayesian posterior probabilities of each internal node. Second, these probabilities were multiplied for each phylogeny sampled during the MCMC analyses. Third, the phylogeny with the highest total was located. This phylogeny best summarizes the set of credible trees and is called the maximum clade support phylogeny. Because a relaxed clock was used in the Bayesian MCMC analysis, the branch lengths and node heights of the maximum clade support phylogeny are in units of years. See Drummond et al. (8) for further details.
Lastly, the program BaTS (38) was used to test for the presence of statistically significant phylogeographic structure. BaTS tests the null hypothesis of panmixis (i.e., no correlation between phylogeny and taxa location) by performing ran- domization tests on two tree-shaped statistics: the parsimony score (PS) (53) and the association index (AI) (65) . The randomizations are performed across a credible set of trees; hence, BaTS correctly incorporates phylogenetic uncertainty when testing for phylogeographic structure. For our BaTS analyses we used the posterior distribution of trees arising from the best-fitting BEAST analysis of the concatenated data set (see above). Further methodological details have been provided by Parker et al. (38) . Nucleotide sequence accession numbers. The GenBank accession numbers of the new HCV sequences from Laos are EU420957 to EU420986.
RESULTS
Detection of HCV RNA in Laos samples. HCV RNA was detected by amplification of the 5ЈUTR in 18 out of 31 patients with jaundice and detectable anti-HCV antibodies. As this assay is highly sensitive for the detection of HCV RNA across all genotypes, it is most likely that the HCV RNA-negative patients had spontaneously controlled HCV replication, either at the time of presentation (if they were acutely infected) or at some time in the past (if patients presented with jaundice due to other causes). Our spontaneous resolution rate of 42% is in line with previous reports of acute HCV infection in jaundiced patients (12) . Of the 18 patients with detectable viremia, the core and NS5B regions were amplified in 16 and 14 patients, respectively. Our failure to amplify these regions in a few instances reflects the genotype 6-specific primers used and the higher variability of these regions compared to the 5ЈUTR.
Phylogenetic analysis of the core and NS5B data sets. Figures 2 and 3 show the maximum likelihood phylogenies estimated from the core and NS5B alignments, respectively. As expected, the NS5B gene phylogeny is deeper and has a greater number of well-supported clades, reflecting the greater genetic variation of this region. In most cases sequences correctly group into their respective subtypes, although in both phylogenies strains belonging to subtypes 6d and 6e are mixed; we suggest this could be due to database annotation errors. In the core phylogeny, subtype 6o is incorrectly placed as a monophyletic ingroup of subtypes 6d and 6e; this is a phylogenetic estimation error most likely arising from limited sequence diversity.
As previously suggested by Mellor et al. (32) , HCV genotype 6 phylogenies show phylogeographic structure, that is, sequences tend to group together according to their location of sampling. In one instance, spatial structure can even be seen within a single subtype; subtype 6a strains from China and Vietnam are phylogenetically distinct in both trees. Subtype 6b and related strains are from Thailand and Laos. Subtype 6m and 6n strains are mostly from Thailand and Myanmar, and occasionally from China. Subtypes 6f, 6i, and 6j are dominated by Thai isolates, whereas subtypes 6d, 6e, 6o, 6p, and 6h are mostly from Vietnam. Subtype 6q and closely related sequences are from Cambodia and Laos, whereas subtype 6g strains are from Indonesia. Subtypes 6k and 6l are frequently from Vietnam but are also found in China and Laos. Several strains were sampled from patients residing outside Asia; whenever information on these individuals was available, it always indicated an Asian ethic origin or background.
Our new isolates from Laos are genetically diverse and are interspersed among many different genotype 6 lineages. There is only one well-supported cluster of Lao sequences (strains Laos373, Laos394, Laos259, Laos23, Laos347, and Laos38), which is most closely related to subtype 6b. The locations of the remaining Lao strains are as follows: Laos250 falls between subtypes 6i and 6j; Laos382 groups most closely with subtype 6 h; Laos349 clusters near subtype 6l; Laos248 belongs to subtype 6o; Laos132 groups with the divergent Vietnamese strain VN235; Laos310 clusters with strain C81 sampled in Canada from an Asian immigrant; Laos390 is similar to the Laos strain IG93335 and groups with subtype 6q sequences from Cambodia. Laos344, Laos350, and Laos176 are highly divergent and do not closely group with any other strains.
Estimation of evolutionary time scale. We estimated a time scale for the evolution of HCV genotype 6 from an independent, previously published set of HCV sequences sampled at different times (59) . Under the strict clock model, the estimated rate for our 399-nt core gene region was 1.78 ϫ 10
Ϫ4
substitutions/site/year (95% credible region, 1.11 ϫ 10 Ϫ4 to 2.6 ϫ 10 Ϫ4 ). A very similar estimate was obtained under the relaxed clock models, 1.72ϫ10 Ϫ4 substitutions/site/year (95% credible region, 0.91 ϫ 10 Ϫ4 to 2.7ϫ10 Ϫ4 ). These rate estimates were subsequently used as prior distributions in all subsequent BEAST analyses (see Materials and Methods for details).
Evolutionary analysis of the concatenated data set. Evolutionary analysis of the concatenated core plus NS5B data set was performed in BEAST under a range of molecular clock and coalescent model combinations. Simple coalescent models (i.e., constant size, exponential growth) consistently performed very poorly in comparison to the Bayesian Skyline plot (log 10 Bayes factors, Ͼ25) and are therefore not reported here (results available on request). Six remaining models were wellsupported: (i) a strict clock with BSP of 5 steps, (ii) a strict clock with BSP of 10 steps, (iii) a log normal relaxed clock with BSP of 5 steps, (iv) a log normal relaxed clock with BSP of 10 steps, (v) a gamma relaxed clock with BSP of 5 steps, and (vi) a gamma relaxed clock with BSP of 10 steps.
As shown in Fig. 4 , all six model combinations gave similar median estimates for the age of HCV genotype 6, which was dated to ϳ1,100 to 1,350 years ago. However, the 95% credible intervals for these estimates are large, ranging from ϳ600 years ago to nearly 3,000 years ago, with the lower interval being less variable among models than the higher interval. However, these limits more accurately portray the true extent of statistical error than those reported in previous analyses (43, 54) , which failed to use realistic models of sequence evolution or to incorporate uncertainty arising from phylogeny estimation. Our estimate of the date of the most recent common ancestor of genotype 6 is 400 years older than that reported by Pybus et al. (43) , which likely reflects the much greater diversity of isolates considered here. Figure 4 also gives the estimated marginal likelihood of each model, calculated using Tracer v1.4, which represent the probability of each model combination given the data. Models C and E had substantially higher marginal likelihoods than the other models (log 10 Bayes factors of Ͼ3.5). Model E has a slightly greater marginal likelihood than model C, but this difference is not considered significant (log 10 Bayes factor, ϳ0.5). For each clock model, the BSP with 5 steps was statistically favored over the BSP with 10 steps (Fig. 4) . Figure 5 shows the maximum clade support phylogeny for the concatenated core plus NS5B data set, reconstructed from the phylogenies sampled under the best-supported model (i.e., combination E). Concatenation of the two genome regions leads to high posterior probabilities (P Ͼ 0.9) for many internal nodes. There is strong evidence (P ϭ 0.96) that the Chinese subtype 6a sequences are monophyletic, but there is no such evidence for the Vietnamese subtype 6a strains (P ϭ 0.5). Therefore, full-length sequences will be required to determine if subtype 6a originated in China/Hong Kong and then spread to Vietnam, or vice versa. Many lineages show rapid diversification during the 20th century (Fig. 5) , giving rise to clusters of related sequences that are typically from the same location (Fig. 5) . These clusters mostly correspond to the current subtype definitions. Subtypes such as 6q, 6 h, and 6k, which are poorly represented in the concatenated tree but well-represented in the core and NS5B trees, exhibit similar levels of genetic diversity and will therefore also have a 20th century origin. In contrast, many other genotype 6 lineages (e.g., Laos350, TH846, or QC66) show no such evidence of diversification during the 20th century.
We also obtained estimates of the molecular clock model parameters under the best-fitting model (combination E). The evolutionary rate of the core gene (1.8 ϫ 10 Ϫ4 ; 95% credible region, 0.9 ϫ 10 Ϫ4 to 2.9 ϫ 10 Ϫ4 ) is roughly two-thirds that of the NS5B gene (3.3 ϫ 10 Ϫ4 ; 95% credible region, 1.6 to ϫ 10 Ϫ4 to 5.1 ϫ 10 Ϫ4 ), in line with previous estimates (48) . Rate heterogeneity among sites is slightly higher for the core region (␣ ϭ 0.22) than for NS5B (␣ ϭ 0.32). Rate heterogeneity among lineages is represented by the relaxed clock coefficient of variation (COV) parameter. Smaller COV values represent less rate variation among lineages and more clock-like evolution, hence the credible region of COV should abut zero if evolution follows a strict molecular clock. Our COV estimate is 0.37 (95% credible region, 0.28 to 0.45), which represents significant among-lineage rate variation and is similar to recently reported values for Dengue virus, human influenza A virus, and human immunodeficiency virus type 1 (8, 26) . However, we might have expected to obtain lower COV values for HCV, because some previous studies reported that the hypothesis of a strict molecular clock is not always rejected (43) . We therefore suggest that the failure of previous analyses to reject the strict clock was due to the comparatively small sample sizes used. In order to ensure accuracy, future evolutionary analyses of HCV data sets of sufficient size should incorporate rate variation among lineages. The relaxed clock covariance parameter is 0.02 (95% credible region, Ϫ0.11 to 0.14). This parameter measures the degree to which among-lineage rate variation is randomly distributed across the phylogeny, as opposed to being localized to specific clades. Our data suggest the former is true for HCV, because the estimated covariance is not significantly different from zero. Very similar COV and covariance values were obtained under the other relaxed clock models (combinations C, D, and F). Figure 6 shows the BSP estimated from the concatenated data set. The BSP is a flexible, nonparametric estimate of past changes in effective population size (7) . It is based on the coalescent process, a population genetic model that describes the relationship between the demographic history of a population and the ancestral relationships of sequences sampled from it (explained further in reference 6). The most notable feature of Fig. 6 is the change at the onset of the 20th century, from a low and relatively constant effective population size to rapid, epidemic growth. This change coincides with the onset of rapid diversification in the lineages highlighted in Fig. 3 . The rate of growth appears to slow from the 1980s to the present, matching the change in HCV transmission that followed the virus' isolation in 1989, although this recent decrease is not statistically significant given the large confidence intervals. However, BSPs should be interpreted carefully when, as in this case, sequences have been sampled from a geographically structured population (3) . Specifically, the 20th century growth phase shown in Fig. 5 was estimated from a heterogenous collection of lineages, some of which show diversification during the 20th century and others which do not (Fig. 3) . Consequently, the exponential growth rate during this recent phase (i.e., between 1900 and 1980) (Fig. 6) [45, 60] ). The growth rate we have estimated is therefore likely to reflect an average rate for the whole of genotype 6 and should not be extrapolated to individual epidemic subtypes, which will have spread comparatively faster. For example, the exponential growth rate of subtype 6a in Hong Kong has been estimated at ϳ0.17 year Ϫ1 (60) , in agreement with the population-specific and subtype-specific rates listed above.
Lastly, we undertook statistical tests for the presence of phylogeographic structure, using the PS and AI statistics, as implemented in the program BaTS (38) . When all sequences were labeled according to their country of origin, both statistics strongly rejected the null hypothesis of panmixis (observed AI of 3.9, expected AI of 11.04 [P Ͻ 0.0001]; observed PS of 31.6, expected PS of 69.3 [P Ͻ 0.0001]). We also tested whether isolates from the same country were clustered together on the tree. Isolates from Vietnam, Thailand, and China showed very strong phylogenetic clustering (AI statistic P Ͻ 0.0001; PS statistic P Ͻ 0.0001). Isolates from Laos were also clustered but less significantly (AI, P ϭ 0.01; PS, P ϭ 0.04), while isolates from Canada, which represent emigrants from various Asian countries, were not significantly clustered (AI, P Ͼ 0.5; PS, P Ͼ 0.5).
DISCUSSION
Taken together, our phylogenetic, geographic, and coalescent analyses provide a coherent picture of the epidemic history of hepatitis C virus in East Asia, which can be split into two distinct phases, pre-and post-1900. It is currently thought that HCV spread rapidly worldwide during the 20th century via multiple transmission routes, including blood transfusion, FIG. 5 . The maximum clade support phylogeny of the concatenated (core plus NS5B) data set, obtained under the best-fitting model (combination E). Branch lengths represent time (see time scale at the bottom of the figure). Posterior probability scores (Ͼ0.9) are shown next to well-supported nodes. The shaded area corresponds to the 20th century, during which the lineages denoted by white circles showed rapid diversification. See Fig. 2 for sequence naming details. blood products, injection drug use, and unsafe medical injections (15) . Our results demonstrate that the effect on genotype 6 of this explosion in transmission was to rapidly increase the prevalence of some, but not all, preexisting lineages in areas of endemicity, giving rise to many distinct clusters of sequences (Fig. 5 ) that largely equate to the current HCV subtype definitions. As Fig. 2 and 3 show, these clusters are typically dominated by sequences from a single country (e.g., subtype 6d from Vietnam or subtype 6q from Cambodia) or less often, from two neighboring countries (e.g., subtype 6a from China/ Vietnam or subtype 6n from Thailand/Myanmar). Thus, both the distinctive shape and the spatial structuring of the genotype 6 tree are products of the same underlying epidemiological process. The genotype 6 clusters highlighted in Fig. 2 can be described as "local epidemic" strains, which transmitted rapidly during the 20th century in specific locations but did not spread internationally in the manner of the "global epidemic" subtypes 1a, 1b, and 3a (56) . It is therefore probable that local epidemic lineages are characterized by transmission routes that are different and more varied than the routes associated with global epidemic subtypes. Local epidemic strains have previously been noted in Africa, particularly subtype 4a in Egypt, which has been associated with large-scale injectable antischistosomiasis treatment campaigns (10, 44) . Our results indicate that local epidemic subtypes are also common to Asia. Since it is reasonable to assume that similar epidemiological factors have affected other HCV genotypes, we further argue that all common HCV subtypes are the result of selective amplification of endemic lineages, either locally or globally, during the 20th century. This hypothesis can explain why HCV subtypes contain unusually similar levels of genetic diversity and why they are highly phylogenetically distinct.
In the context of the scenario described above, the pattern of HCV genetic diversity in Laos is unusual, since there are no discernible "20th century" clusters of Lao sequences (Fig. 4) . This is unlikely to be a sample size artifact, since smaller or equivalent-sized samples from other countries are sufficient to identify tight sequence clusters. Our phylogeographic analysis indicates that the Lao strains are clustered, but less strongly than strains from Vietnam, Thailand, or China. Five Lao isolates group together with the subtype 6b isolate TH580, but the branching events in this cluster substantially predate the 20th century (Fig. 4) . Therefore, HCV in Laos appears to have been less involved with whatever events amplified endemic genotype 6 lineages elsewhere in Asia; the low prevalence of HCV in Laos (ϳ1%) compared to nearby countries also supports this notion (21, 69) . Although we can only speculate on the reasons for this, differences in health care infrastructure among countries may be important, particularly if iatrogenic and nosocomial transmission has contributed to Asian HCV spread. We have been unable to find formal comparisons of investment in public health campaigns (such as vaccinations and mass treatment with injectable drugs) during the first half of the 20th century. However, the information available suggests that the French colonial authorities in Laos invested less in such public health campaigns than other mainland Southeast Asian countries (24, 55) . In the second half of the 20th century Laos suffered civil war, extraordinarily destructive aerial bombing by the United States, and economic hardship in the wake of the war and the 1975 revolution, resulting in relatively low investment in public health intervention until the mid-1990s. Furthermore, before the 1990s the country had few reliable transport links (49) . Hence, it is possible that the Lao population has experienced comparatively lower levels of mass exposure to blood-borne viruses such as HCV.
Our analyses show that genotype 6 infections worldwide are descended from a common ancestor that existed around 1,100 to 1,350 years earlier (95% credible region, 600 to Ͼ2,500 years ago) (Fig. 4) . This long time scale is based on extrapolation of HCV evolution observed over a much shorter time span of about 25 years. Although there is no obvious reason why HCV rates should significantly vary through time-and our relaxed clock results suggest that they do not-we note that such estimates should be interpreted cautiously and are more likely to underestimate clade age than to overestimate it (17) .
Prior to the 20th century, HCV transmission in Asia appears to have been characterized by long-term low-level infection in areas of endemicity (Fig. 6 ). We currently have almost no understanding of how stable, endemic transmission of HCV can be maintained for many centuries (46) and no idea how the virus spread across Asia from a common ancestor. Our results do indicate that endemic genotype 6 lineages were historically associated with different locations (e.g., subtype 6f in Thailand, 6g in Indonesia, 6d in Vietnam, and 6q in Cambodia), with multiple genotype 6 lineages being present in modern-day Vietnam, Thailand, and Laos (Fig. 5) . In addition, the presence of old phylogenetic nodes that connect different countryspecific lineages (Fig. 2, 3 , and 5) suggests that at least some historical gene flow occurred. However, the significant spatial structure we observed demonstrates that genotype 6 gene flow is restricted. Furthermore, it appears to be limited by distance, as sequences from pairs of nearby nonadjacent countries (Thailand-Vietnam, Myanmar-Vietnam, Myanmar-Cambodia, China-Cambodia, or China-Thailand) do not tend to cluster with each other (Fig. 2 and 3) . In contrast, isolates from Laos group with strains from several neighboring countries, as expected given Laos' geographically central position in mainland Southeast Asia. Similarly, strains from Myanmar are often found intermingled with those from neighboring Thailand. Of course, historical patterns of movement may not be well represented by classifications based on current political borders.
The evolutionary models employed in our analyses included a relaxed molecular clock that estimated the degree to which the rate of molecular evolution varies across a phylogenetic tree (8) . The analyses indicated a larger-than-expected amount of rate variation for HCV. Incorporating this rate heterogeneity increases the accuracy of our estimates (8) and the realism of our analysis, and therefore we recommend that future phylogenetic analyses of HCV gene sequences use this, or a similar, approach. However, such methods cannot be reliably applied to small data sets or short sequences. It is common for HCV molecular epidemiological surveys to produce short subgenomic fragments around 300 nt long, which by themselves are insufficient to reliably estimate phylogenetic groupings (34, 52) . The compromise solution used here was to increase statistical power by concatenating multiple subgenomic sequences, but at the expense of a reduction in the number of available reference strains for comparison. Since viral se-quences in databases can prove useful for many years after their initial investigation, we encourage the standardization of the subgenomic regions used and the production of longer gene fragments per isolate.
